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FOREWORD

An important aspect of estimating the aerodynamic characteristics of
V/STOL aircraft in transition between hover and wingborne flight is an under-
standing of the flow field induced by the efflux of the lifting-propulsive
device. The influence of this efflux dominates the aerodynamic interference
effects for aircraft that use high-disk-loading devices such as turbofan or
turbojet 1lift engines. At the present time, approximately a dozen organiza-
tions are working independently on this problem. Several fundamentally dif-
ferent approaches are being applied toward understanding and solving the
problem. Recognizing this activity, NASA decided to hold a Symposium on the
Analysis of a Jet in a Subsonic Crosswind on September 9 and 10, 1969, at the
Langley Research Center to present the currently available results.

The objective of this meeting was to provide an opportunity for persons
working in the area to present and discuss their work and, in many cases,
their opinions. The presentations were made in two sessions:

Session I - Experimental Results

Session I - Empirical and Analytical Descriptions of the Jet and Induced Flow

This publication includes 15 papers presented at the symposium. The
attendees are listed at the end.

It should be emphasized that this publication essentially represents a
compilation of papers presented by authorities from various governmental and
private organizations. In order to expedite publication, this document has
been printed from copy provided by the authors.

The Langley Research Center wishes to express its appreciation to all
authors and to the organizations they represent, for their substantial con-
tributions to this program and for the timeliness of their responses both to
the program activities and to the symposium.
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JET-WAKE CHARACTERISTICS AND THEIR INDUCED
AFRODYNAMIC EFFECTS ON V/STOL AIRCRAFT
IN TRANSITION FLIGHT

By Richard J. Margason
NASA Langley Research Center

and

Richard Fearn
University of Florida

SUMMARY

A summary indicating the general trends of Jjet-wake-induced aerodynamic
effects on V/STOL aircraft in transition flight is given. The Jjet wake
including the adjacent flow field is described qualitatively, and a quantita-
tive measurement of the circulation in the wake is presented. These measure-
ments indicate that the circulation may be somewhat greater than that generated
by potential flow around a circular cylinder. Finally, an extensive list of
related reports has been included.

INTRODUCTION

The purpose of this paper is to summarize results of previous experimental
investigations of the aerodynamic interference effects experienced by V/STOL
aircraft in the transition speed range. (Additional summary papers are pre-
sented in refs. 1 to 6.) These effects have been the subject of a large number
of experimental investigations (refs. 7 to 18). Most of this research effort
has been directed toward the investigation of the forces and moments induced on
the aircraft by the interaction of the vertical Jets with the free-stream air.
In addition, a description of the character of the Jet wake is presented.

SYMBOLS
A area, ft° (m2)
b wing span, ft (m)
c wing chord, ft (m)
D jet diameter, ft (m)
L lift, 1b (m)
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increment of lift interference caused by the flow from a jet, 1b (N)

increment of pitching-moment interference caused by the flow from a

jet, ft-1b (m-N)
free-stream dynamic pressure, 1b/ft2 (N/m?2)
jet dynamic pressure, 1b/ft2 (N/m2)
thrust, 1b (N)
free-stream velocity, fps (mps)

jet velocity, fps (mps)
effective velocity ratio

coordinate axes

Cartesian coordinates, ft (m)
nondimensional circulation strength, TI'/2DV
circulation strength, ft°/sec (m2/sec)

maximum circulation strength for potential flow around half of a
circular cylinder, 2DV, ft%/sec (m2/sec)

total circulation for a wing with an elliptic 1lift distribution,
WL/pV, b, ft/sec (m/sec)

flap deflection, deg

jet deflection from free-stream direction, deg

natural jet coordinate normal to &-n plane, £t (m)

natural jet coordinate in the lateral direction, measured parallel

to Y-axis, ft (m)
angular cylindrical coordinate, rad
natural jet coordinate along the axis of the Jjet, ft (m)

density, slugs/ft> (kg/md)




AFERODYNAMIC INTERFERENCE EFFECTS

During transition flight of V/STOL airecraft, the Jjets issuing from the
aircraft are swept rearward by the free-stream flow and are rapidly rolled up
into a pair of vortices (fig. 1). The wakes induce suction pressures on the
fuselage and a distribution of downwash over the aircraft. This downwash is in
effect an induced twist on the wing and tail and an induced camber over the
length of the airplane.

The general trend of these jet-induced effects is iliustrated in figure 2.
There is usually a loss in 1ift which tends to increase with increasing forward
velocity. The loss in 1ift is about the same with the tail off the aircraft
and with the tail on. There is an increment of pitching moment in transition
flight which tends to increase nose-up with increasing velocity. Because of
the change in downwash in the vicinity of the tail, there is an additional
increment of pitching moment induced when the tail is on.

Recently, an investigation (ref. 18) was undertaken to determine the effect
of the jet-exit location on the interference on a wing. This investigation used
a model with a simple fuselage and an unswept, untapered wing with an aspect
ratio of 6 and a 30-percent-chord slotted Fowler-type flap. This model was
mounted on a sting-supported strain-gage balance. Two jets, one on each side
of the fuselage, were mounted independently of the wing at about the 25-percent
semispan station. The Jjet exits were positioned at each of the various longi-
tudinal and vertical locations shown by the plus marks in figure 3. Results of
this investigation show that negative 1lift interference was experienced when
the jet exits were located ahead of the wing. Favorable interference effects,
however, are encountered with the jets below the wing and aft of the wing mid-
chord. The fact that the interference effects are most favorable for locations
closest to the flap indicates that the jet is probably helping the wing and
flap achieve their full 1ift potential.

VISUALIZATION OF FIOW PHENOMENA

OF A JET IN A CROSS WIND

The following description of the flow phenomena involved in the ‘transition
problem is based primarily on flow visualization. The shape of the jet wake
when influenced by the free stream is presented in figure 4. These data are
from an experimental investigation {ref. 19) in which the wake exits from the
nozzle at a deflection angle 85 to the free stream. (See refs. 20 to 32 for

other investigations and refs. 33 to 52 for analyses of the jet in a cross
wind.) The free stream deflects the wake back until it tends toward the free-
stream flow. As a result of this investigation, the empirical equation given
in figure 4 was obtained. It describes the path of the jet as a function of
the effective velocity ratio (the square root of the ratio of the free-stream
dynamic pressure to jet dynamic pressure) and the deflection angle of the Jet.




A more detailed look at the jet in a cross wind is shown in figure 5 where
the flows induced in and around the jet are shown. This photograph, which vas
obtained by using water-tunnel flow visualization at the Office National D'Etudes
et de Recherches Aérospatiale (O.N.E.R.A.), shows a flat plate with a jet
exhausting from it. Near the leading edge of the plate are orifices through
which colored milk is emitted. When the colored filament on the center line
approaches the jet exit, it divides and is swept around the jet. This indi-
cates that there is a stagnation point near the front of the jet. The visible
portion of the jet wake indicates that some of the flow from the free stream
is sucked into the jet. The filament adjacent to the jet passes beside the Jet
and is then induced upward into the turbulent wake region behind the jet. Even
the filaments farthest from the center line of the exit are sucked toward the
Jjet and into the wake region. 1In the wake region, a considerable amount of
entrainment by the jet can be seen.

In figure 6, two photographs of o0il flow on the surface of the plate are
presented. The lower one is a closeup near the jet exit. A line trails diago-
nally downstream from the jet and bounds the wake region. A careful inspection
of the stream lines on the surface shows that the free-stream flow i1s deflected
around the periphery of the Jjet and into the wake boundary. In the wake region,
the flow near the Jet is entrained forward by the jet. Farther downstream of
the jet exit, the wake flow is deflected away and carried off with the boundary
of the wake on the surface of the plate. This wake boundary appears to be a
second pair of vortices which are similar to a Karmin vortex street. This vor-
tex street is probably formed around the potential core of the jet.

The pressure distribution which is induced on the surface of the plate is
presented in figure 7. For these particular data, which are from reference 3&,
the effective velocity ratio was 0.25. The region of positive pressure ahead of
the Jjet indicates a force augmenting the jet thrust. The region of negative
pressure adjacent to and aft of the Jjet indicates a force opposing the Jjet thrust
behind the jet. This pressure distribution accounts for the nose-up interference
pitching moment described earlier. The area covered by the negative pressure
is noticeably larger than the area covered by the positive pressure. As a
result there is the lift loss.

Figure 8 is a photograph of the cross section of the jet wake in a water
tunnel. The air bubbles are flowing around the jet wake; the white region is
the jet. The primary features are the swirl of the two elements of vorticity
in this Jjet cross section and the fact that the cross section 1s kidney shaped.

STRENGTH OF THE VORTICES IN A JET WAKE

An investigation was conducted recently in the Langley 300-MPH T7- by
10-foot wind tunnel to determine experimentally the strength of the contra-
rotating vortices in the wake of a jet in a cross flow by use of a vortex meter.
The meter consisted of a 1/2-inch-diameter paddle wheel which spins in a rota-
tional flow field.




The first phase of the investigation was calibration of revolutions of the
vortex meter against circulation strength of the flow field. This was accom-
plished by measuring the strength of the trailing vortex sheet from a
rectangular-planform wing with an aspect ratio of 6. (See ref. 18 for a descrip-
tion of the wing.) The vortex meter was placed about 1/2 inch aft of the
trailing edge of the wing at several spanwise locations, and the revolutions
were measured. In addition, the 1ift of the wing was measured with a six-
component strain-gage balance. Then, this measured 1ift and a calculated 1lift
distribution for the wing were used to determine the magnitude and distribution
of the circulation in the wake of the wing as a function of spanwise location.
The measured values are superimposed on the calculated distribution of vortex
strength in figure 9 where the circulation ratio is presented as a function of
spanwise location. Inboard of the 30 percent location, the measurements were
too low to be accurate, and outboard of the 95 percent spanwise location, the
meter was measuring the change in circulation distribution caused by the rolling
up of the wing-tip vortex. However, the correlation is good for the portion of
the span between these two locations, and the measurements over this portion
were used to establish the vortex-meter calibration.

Next, the circulation in a jet was measured. For these measurements a
l-inch-diameter nozzle was mounted through a ground board normal to the free
stream. The measurements were made in planes normal to the jet axis as shown
in figure 10. The most complete data were obtained for an effective velocity
ratio of 0.25 at a distance of 6 jet diameters along the Jet path.

These results, which are presented in figure 11, indicate a nondimensional
circulation of approximately 2 for each vortex. The form of the nondimensional
circulation is obtained from analyses of the jet which use the circulation
obtained in potential flow around a circular cylinder (ref. 37). This is done
because the cross-sectional shapes predicted by this model are similar to the
observed shapes. In this model the strength of the vortex sheet describing
the flow around a circle is

I(e) = -2V_ sin 6

Integrating this circulation around a semicircle gives the maximum strength of

each vortex as
T
f r(e) 2 4o
0 2

The nondimensional circulation is defined as

T =

max = 2DV,

The experimental results indicate that the circulation is approximately twice
the value predicted by the potential-flow model.



It should be indicated that these results are not precise, and the pre-
liminary nature of the experiment should be emphasized. There was difficulty
in measuring small amounts of circulation because the meter was calibrated over
a wide range of rpm. Hence, the sensitivity of the measurement was too coarse
at low rpm. This led to error in determining the total circulation because the
regions of low levels of circulation were large in area, and as a result, their
contribution to the total vortex strength was more than expected. Further,
since the vortex meter was rigidly mounted on a wand, there was some difficulty
in alining it to the local flow. It was noted that when the meter was out of
alinement by about 10° or greater, 1t tended to oscillate about an equilibrium
position in the absence of vorticity. This oscillation showed up as revolutions
on the meter. These results describe only a single test condition and will
require additional verification before extrapolating to other conditions.

CONCLUDING REMARKS

The general trends of the effects of lifting jets on the aerodynamics of
V/STOL aircraft in the transition speed range have been indicated. The charac-
ter of the fluid flow in the jet and the adjacent flow field has been described
qualitatively, and finally, a quantitstive measurement of the circulation in the
wake has been presented. These measurements indicate that the circulation may
be somewhat greater than that generated by potential flow around a circular
cylinder. An extensive list of related reports has been included.
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Figure 1.~ Jet wake from a V/STOL aircraft in transition flight rolls up

into a pair of contrarotating vortices.
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Figure 2.~ General trend of jet-induced 1ift loss and pitching moment in
transition flight.
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Figure 5.- Increments of interference lift during transition flight for
varying chordwise locations of the jets. &y = 40°; 5 = 90°; 1
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Figure 4.- The center-line path of jet wakes obtained from flow visuali-
zation studies. Empirical equation describing path of jet is
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Figure 6.- Photograph of oil flow on the surface of a plate which has a
jet exhausting normal to the plate and to a free stream (0.N.E.R.A.
photograph). Lower photograph is closeup of upper.
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Figure 9.~ Vortex meter calibration using wing trailing vortex sheet.
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Figure 10.- Location of normal plane where circulation contours were
measured. Vw/Vj = 0.250.
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Figure 1l.- Jet circulation contours at the &/D = 6 location. The posi-
tion of the jet center line is indicated. In addition, a schematic
sketch of the circle swept out by the l/2-inch vortex-meter paddle blades
is shown.
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THE PHYSICAL NATURE OF THE SUBSONIC
JET IN A CROSS-STREAM
By James F., Keffer,

University of Toronto

SUMMARY

A description of the physical characteristics of the sub-
sonic jet entering a stream with a non- zero, cross-component is
presented. Three zones, in which the dynamics of the flow are
significantly different, are defined. The structure of the
mean and turbulent motlon is discussed with reference to the
various entrainment processes.

INTRODUCTION

Probably the first stimulus for an understandlng of the
mixing which arises in a jet of fluid discharging into a cross-
flow1ng stream occurred because of its application to the
emission of effluents from a chimney stack. Only a cursory ob-
servation of a plume is needed to show the remarkably rapid
diffusion which can take place in the natural wind with adiabatic
or nearly adiabatic thermal lapse rates. It is clear from this
that the momentum fluxes of the opposing streams create an ef-
ficient mechanism of entrainment of free-stream fluid. Indeed,
the pr1n01ple is so basic that it is used to promote fluid
mixing in a large number of mechanical systems.

Lately there has been a resurgence of interest in the de-
tailed features of the fundamental problem. This is partly be-
cause of the increasing awareness of the public and government
about our need to understand the role of turbulent dispersion
of waste effluent. But there has been stimulation, as well,
because of the application to jet thrust systems in some air-
craft. The deflected jetsof a V/STOL plane for example, in-
terfere with the aerodynamic performance. This aspect has re-
ceived some attention recently by Williams and Wood (ref. 1)
and Margason (ref. 2). It should perhaps be noted that a much
earlier paper by Ribner (ref. 3) anticipated this interest with
an examination of the effect of a jet upon the stability of a
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jet aircraft.

Considering the basic problem of a jet in a cross-wind,
Ruggeri et al (refs. 4,5,6 and 7), in a series of early papers,
explored the effect of the addition of heat and change of ori-
fice shape upon the flow. The significance of their work to
the present discussion is limited, however, since the wind
tunnel used to contain the cross-stream, was narrow. This es-
sential two-dimensionality would be expected to limit the
lateral spread of the jet and,as will be seen later, the effect
of the flow around the jet edges is important to the entrain-
ment. The first relevant experimental work on the problem was
due to Jordinson (ref. 8), who made some simple measurements
of the trajectory of the round jet. He defined the centreline
as the point of maximum velocity measured with a pitot-tube
and pitch meter at successive vertical stations. As well,
Jordinson surveyed the cross-section of the jet. The result-
ing contours were very revealing in that they showed the edges
of the jet to be sheared by the cross-stream and distorted in
the down-stream direction. The distinctive kidney-shape was
indicative of a secondary mode of entrainment as will be dis-
cussed in some detail in subsequent sections.

A second experimental study by Gordier (ref. 9) carried
out a series of tests over the same general range of velocity
ratios as Jordinson but used a jet discharging into a water
tunnel. The results defining the trajectory were consistent
with previous work and this was the first indication that a
Reynolds number similarity existed. The examination of the
structure of the turbulence within the deflected jet system was
undertaken by Keffer and Baines (ref. 10). Using hot wire
anemometer techniques the mean of the turbulent intensities as
well as the mean velocity quantities were taken. The results
showed that within the range of velocity ratios used by Jordin-
son and Gordier, a self-similarity of the mean flow field could
be defined if one chose to scale the velocity terms by a ref-
erence velocity difference along a natural system of co-ordi-
nates intrinsic to the jet flow (see figure 1). The success
of this scaling was only limited for the mean turbulent inten-
sities, however. The rather high level of turbulence intensity
precludes us from considering the data to be more than a quali-
tative specification of magnitude.

The problem has been extended further by a number of in-
vestigators both experimentally and by phenomenological model
equations. No attempt is made here to be comprehensive but a
few examples are mentioned to show the present trend of the
research. Pratte and Baines (ref. 11) examined the far field
behaviour of the jet, that is, the region well beyond the zone
of maximum curvature. Somewhat surprisingly, it appears that
the proper scaling function which one should use to collapse
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the trajectories on a single functional curve depends upon the
velocity ratio rather than the momentum ratio. Fan (ref. 12)
has introduced the effect of a stratified environment upon the
growth and trajectory of what should be termed a plume. Ana-
lytically, he has suggested a mathematical model based upon the
drag of the plume in the cross-stream. Margason (ref. 13), in
a series of wind tunnel tests considered the effects of large
variation of the angle of entry of the jet to the main stream,
as did Platten and Keffer (ref. 14). In the former study em-
pirical fits were made to the trajectories found by a number of
workers with rather uniform results. Platten and Keffer pro-
posed a model equation to account for the two basic modes of
entrainment which exist in the deflected jet. A solution of
the equations gave good fits to the experimental trajectories
over a limited range of injection angles.

As a result of the work briefly outlined above, a distinct

picture of the physical nature of the jet is beginning to emerge.

There are some important areas of disagreement, not, happily,
in the experimental results, but in the mathematical models
which are used to interpret them. Most significant perhaps,

is the controversy about the mechanism of entrainment of ambient
fluid by which the jet grows. This paper will inevitably in-
corporate a personal bias into the argument and the emphasis
will be placed upon the structure of the turbulence within the
flow rather than the phenomenological replacement of the tur-
bulence., It would appear that while the salient features are
reasonably well understood, most of the intimate and therefore
interesting details still command our intensive and enlightened
interpretation.

SYMBOLS
d - orifice diameter
R - velocity ratio
U - axilal jet velocity
U, - maximum U at any cross-section
Uj - initial jet velocity
UO - free stream velocity
UV - vortex entrainment velocity
u . — turbulent velocity
X,¥,2 - Cartesian co-ordinates
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£,n,z - curvilinear co-ordinates

ofs

g¥,x* - distances measured from virtual source
6 — local Jjet angle
ej - angle of jet injection

PHYSICAL DESCRIPTION

In the discussion which follows we reduce the problem to
its simplest form. This becomes an examination of a round jet
of fluid discharging from an infinite plane into an ambient,
miscible fluid of the same density, which has a non-zero, cross-
stream component of velocity., The influence of the surrounding
geometry, such as the presence of a chimney stack or the fuse-
lage of an aircraft, will be ignored. The significant para-
meter will thus be the velocity ratio R defined as the exit
jet velocity Us: divided by the constant and uniform cross-
stream velocity™ Ug . It will further be assumed that the
initial absolute velocity in the jet is large enough that the
developed flow, which takes place upon the mixing of the streams,
will be turbulent. A second parameter is introduced, the angle
of injection 635. Clearly, a complete variation of 63 through
180° would inciude the special cases of a jet in an Opposing
stream and the jet in a co-flowing stream. Generally, however,
we shall restrict our interest to moderate deviations of 63
from the 90° direction. A schematic of the jet is shown in
figure 1.

It is convenient to think of the jet as arbitrarily sepa-
rated into three regions:

(1) the source flow, where the effect of orifice geometry,
plate and/or tunnel boundary layer and potential core may be
important,

(2) the curvilinear zone, where the jet flow is fully de-
veloped from the standpoint of the turbulence structure and the
entrainment mechanisms proceed in a relatively straightforward
manner and

(3) the far region, where the jet flow, having approached
its asymptotic state, is almost entirely dissipated and,on a
mean flow basis, indistinguishable from the main stream.

The Source Flow

Relatively little work has been done in this region. Es-
sentially the flow at exit bears a close resemblence to the
free jet in that it possesses a core of potential fluid. The
term potential is relative. The fluid emerging from the orifice
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is considered to have a negligible amount of turbulence compared
to that which subsequently develops in the fully mixed region of
the jet. It is probable that the flow in this zone is Reynolds
number dependent, as was found by Baines (ref. 15) for the free
jet, although not enough experimental data are available to make

a definitive statement. It has been shown (refs. 10, 11, and 14)
that the length of the potential core varies directly with R,
but again the specific functional trend has not been reported

in the literature for a large range of velocity ratios.

Keffer and Baines (ref., 10) indicated that if substitution
is made for the core region and a virtual origin or point source
defined by extrapolating the developed jet flow back through the
plane of emission, the decay of centreline velocity will plot
universally on a single functional plot. This implies a kine-
matic or Reynolds number similarity for all deflected jets, at
least for the range of flows tested. At very low velocity ra-
tios, however, of the order of 4 or less, the flow loses this
characteristic. A premature deflection of the core region by
the pressure field occurs and the trajectory centreline, extra-
polated back to the virtual origin, does not go through the
physical origin for the flow. For a jet discharging at right
angles to the stream this means that the trajectory at the
source is not tangent to the x-axis. This can lead to diffi-
culties in the mathematical modelling of the flow.

In addition to the displacement or shift effect it was
found that, at these very low velocity ratios, the jet momentum
relative to the free stream is not sufficient to allow the flow
to escape the boundary layer of the exit plane. This introduces
a complication for,unless particular care is taken to eliminate
the boundary layer, the results from different laboratories will
be influenced by the different magnitude of boundary layer en-
trainment. Since this introduces an additional and relatively
uncontrolled parameter into the system and we will not consider
these low values of R further. It will be assumed that the
velocity ratio is sufficiently high that the jet flow can escape
the influence region of the surface. It should perhaps be noted
that a related prcblem is of some significance. The performance
of the jet when deflected by a gradient wind is certainly rele-
vant. TFor reasons of simplicity, however, most studies to date
have been concerned with the uniform wind profile.

The previously mentioned experiments of Ruggeri et al con-
sidered the effect of shape change of the discharge opening.
This can be expected to affect the nature of the source flow.
Its significance must be negligibly small in the developed re-
gion of the flow, however, where it is possible to replace the
initial conditions by a virtual origin. For an orifice flow,

a contraction co-efficient is generally necessary to reduce the
data to a convenient base, compatible say with a sharply con-
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verging nozzle. If a length of tube is used to eject the jet
fluid, the exit profile will be markedly non-uniform, the exact
shape depending upon the length of tube or the stage of develop-
ment of the tube flow. It will thus be necessary to define an
appropriate momentum flux for the jet by means of a correction
co-efficient multiplying the square of the average velocity.

The Curvilinear Region

As the jet issues from the exit plane the relative veloci-
ty between the jet and stream fluid creates a turbulent mixing
layer around the periphery. This mixing layer grows in the di-
rection of the jet flow, eroding the potential zone of fluid in
a manner similar to the free jet. In the present case, the
growth is more rapid and the potential core length much shorter.
For velocity ratios of 4, 6 and 8 the core length is of the
order 1, 2 and 3 orifice diameters respectively. TFor the free
jet, the core length is about 6. At the end of the core, the
jet fluid is fully turbulent and the lateral velocity profile,
taken typically in a streamwise traverse, is more or less
Gaussian. We define this as the beginning of the curvilinear
zone and the flow is said to be fully developed at this point.

At present, the behaviour of the flow in the lee of the
jet, conveniently termed the 'wake', is not well understood.
It is possible that the analogy of Jordinson has some validity.
He suggests that the jet can be considered to act as a porous
cylinder with suction, the sink effect being necessary to ac-
count for the entrainment of free-stream fluid. Although of-
fering some convenience this model cannot be expected to tell
us much about the true nature of the entrainment processes.
Clearly the mechanisms must be different in the stagnation re-
gion at the front of the jet and in the 'wake'.

The cross-sectional profiles of Jordinson and Keffer and
Baines (for example see figure 2) have shown the strong lateral
deflection of the jet sides by the shearing of the cross-stream.
Turbulent entrainment of free stream fluid will occur at the
sides because of the relative motion. As it is swept around
into the wake region, the fluid will be incorporated into the
main jet system. The result is a helical circulation pattern.
The generation of the circulation will continue as long as the
jet has a component of velocity normal to the free stream.
Appropriately this helicity has been interpreted as a counter-
rotating, vortex pair and it can be shown from analytical argu-
ments (ref. 14) that the vorticity generation will reach a max-
imum within this curvilinear region. A plot of the rate of
change of circulation velocity is shown in figure 3 as a func-
tion of deflection angle. It might be suspected that the
helicity would play a major role in the entrainment of free-
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stream fluid and the analytical model of Platten and Keffer to-
gether with the experimental results, appears to bear this out.

In the frontal regions of the jet, the flow is partially
stagnated. As the jet deflects, there will be a component of
motion of the free-stream fluid parallel to the mean direction
of the jet flow. This situation is just that required for a
free jet type of entrainment. Although the details of how a
turbulent front expands into a non-turbulent region of fluid
are not at all well understood at present, heuristically we may
argue in terms of a phenomenological model. A requirement for
entrainment is simply the existence of relative motion between
streams of fluid. An instability develops which breaks up into
turbulent mixing and the high velocity fluid,or jet flow, dif-
fuses into or entrains the outer stream. We would thus use,
in lieu of the precise location of the turbulent-non-turbulent
interface, a simple specification of the jet boundary. Con-
veniently this could be the point where the jet velocity excess
has decreased to an arbitrary level, say 10%.

From a physical point of view we thus have two mechanisms
of entrainment, the ordinary free-jet flow type which can be
handled by the conventional phenomenological approach and the
entrainment supplied by the helicity in the 'wake region' of
the jet. Clearly a successful analytical model must in some
way incorporate these two processes.

The developed jet flow in this zone displays some of the
characteristics associated with the simple free-jet. The
measurements of Keffer and Baines of the mean flow distribution
show a self-similarity of the axial velocity vector when taken
along a curvilinear lateral co-ordinate, n. The scaling was
achieved by using the excess velocity, (U-Ug) and dividing by
the local centreline velocity excess, (Ug-Ug). The collapsed
data shown in figure 4, resembles the conventional Gaussian
distribution plot although the scatter is marked. The func-
tional shape is not really surprising. With this technique
of stretching the data small differences tend to be obscured.
Nevertheless, the results show no unexpected anomalies.

The variation of centreline velocity, i.e. along the jet
trajectory, shows a universality which again tends to resemble
the free jet (figure 5). The decay of mean velocity is more
intense, however, as would be expected with the higher rates
of entrainment and the variation of mean velocity at the centre-
line of the jet does not have the simple inverse linear rela-
tionship with distance characteristic of the free jet. It is
significant that when the differences of the source as a func-
tion of velocity ratio are accounted for by allowing the posi-
tion of the virtual origin to vary, the mean flow characteristics
are strongly self-similar for this curvilinear region.

-
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The turbulence measurements display less self-similarity
when the same method of plotting is used (figure 6). As with
all simple free turbulent shear flows, the structure of the
turbulence requires a longer period than the mean flow to reach
an equilibrium state. In the present situation, the intense
mixing and decay prevents this and an equilibrium situation is
not reached. In fact, since the region is really an interim
state for the whole of the deflected jet flow, it is probably
incorrect to speak in terms of an equilibrium or asymptotic
state for the curvilinear zone.

From the above remarks we can summarize the main features
of the flow in this second region. The curvilinear zone clearly
has most of the characteristics of simple jet flows, for example,
entrainment, axial velocity decay, self-similarity and turbulence
structure. We can choose to interpret the flow as a special case
of the simple jet if an appropriate system of curvilinear co-
ordinates is defined. The most distinguishing feature is the
presence of the 'wake' region and the attendent circulatory flow
which exists within it. Although it is possible to exclude this
'wake' from the basic jet flow analysis, the consequences of the
extra entrainment cannot be ignored.

Far Field Region

Beyond the zone of maximum curvature, entrainment has re-
duced the jet velocity excess to a point where it cannot be
measured by -conventional techniques and it becomes necessary to
define the jet boundary for these conditions by the use of a
tracer such as low level heat or smoke. We may think of this as
the onset of the final region of the deflected jet flow. Pratte
and Baines (ref. 11) were able to observe the far field behaviour
visually and it showed a double-valued power law variation for
the centreline trajectory when scaled in terms of the velocity
ratio. Their functions took the form,

X g \n
Eﬁ"-’(a‘ﬁ)

where the exponent 'n' was 1.0 up to an £/dR of 2 and 0.33 be-
yond that. Their range of velocity ratios extended from 5 to

35. The earlier results of Keffer and Baines, which accounted
for the variation of the virtual origin, suggested the relation

% %3]0
X (g*)
dr? dr?
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with 'n' = 1.0 in the first portlon of the flow but falling off
as the limit of observation (&%*/dR? = 2.0) was reached. These
results are consistent in that they imply that the zone of
curvilinear flow is significantly different than the far field.

Although the axial component of mean velocity is virtually
zero, this region of the flow should still show the effect of
the swirl generated in the curvilinear zone since vorticity is
remarkably long- lived. The jet in this final phase contains its
original vertical momentum. It will therefore continue to rise,
but at an ever-decreasing rate as the momentum is diffused over
the steadily increasing area of each horizontal plane. Because
of this, additional vorticity will continue to be generated all
along the trajectory of the jet. But the rate of generation
will decrease as we travel further along the jet path and the
processes of ordinary viscous dissipation will cause the abso-
lute magnitude of the vorticity to decrease. The limit state
of this flow will thus be a pair of weak, counter-rotating line
vortices, being carried along by the main stream.

The structure of the turbulence in this final phase must
also be dominated by the viscous decay. The smaller eddies will
be dissipated most rapidly and as is found with grid-produced
turbulence, the largest eddies, which are characteristic of the
generating grid, remain. They tend to retain their identity
while the smaller scales disappear. In a sense the counter-
rotating vortex pair in this present system is analogous to the
large eddy of the grid flow. It is probably more accurate to
view these vortices, at least in the final phase, as general
patterns of circulation rather than discrete and perhaps
measureable line vortices.

The entrainment mechanism in this final phase must depend
almost entirely upon the vortex flow since there no longer is
an effective component of relative axial motion between the
jet and the free stream. We would expect, therefore that the
absolute entrainment would decrease and the rate of jet spread
would fall off, The measurements of Pratte and Baines support
this. A plot of the width of the jet with respect to the axial
path gives

AT £ \n
a—’\a (a—ﬁ)

oyl

where 'n' is 1.35 in the curvilinear region. This changes ab-
ruptly to 0,33 for the far field.
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DISCUSSION

For meteorological applications, the far field region
would be of most importance. Interest for aerodynamic study,
however, would centre upon the first two regions of the flow.
Within the zone of maximum curvature, where the flow has reached
a developed state of turbulence and where the dynamic effects
are strong, attempts have been made to formulate model equations
for the flow. TFor example, in the work of Fan (ref. 12), the
presence of entrainment, additional to that supplied by free
jet theory, is attributed to a pressure difference around the
jet flow. By employing a suitable drag co-efficient, Fan's
model appears to predict the trajectories of both buoyant and
non-buoyant plumes reasonably well. On physical grounds, how-
ever, this concept is not attractive, since in regions away
from the source, the processes involved in jet entrainment are
most likely to result from free stream effects not depending
upon pressure gradients.

In contrast, Platten and Keffer (ref. 14) have suggested
that the extra entrainment must result from the observed circu-
latory flow, i.e. the so-called vortex pair. As discussed above,
it may be more reasonable to think of these motions as large
turbulent eddies within the jet system, rather than a pair of
strong line vortices such as would be observed from a delta
wing. This would not affect the analysis, however. The work
of Pratte and Keffer (ref. 16) on turbulent swirling Jjets has
verified that a marked increase in entrainment results when
swirl is added to a simple jet flow, the spread rate increasing
by a factor of two for a swirl velocity of the same order
initially as the axial velocity. Although it is not yet clear
whether the free jet and vortex contributions to entrainment
are interactive, the simple additive model of Platten and
Keffer, predicts the experimental results well.

Aside from obvious practical applications, the study of
the deflected jet is of considerable fundamental interest in
that it represents a particular example of a free turbulent
shear flow. As an exercise in basic research, the problem may
be expected to tell us something about the structure of turbu-
lence generally. Although the simplest of free turbulent shear
flows (jets and mixing layers) are self-preserving,»(ref. 17)
enabling spread and decay rates to be predicted from the equations
of motion, the present flow is not. The presence of the co-
flowing component of the external stream precludes this particu-
lar analysis even when use is made of the intrinsic co-ordinate
system. As mentioned above, however, the results show the flow
to be roughly self-similar in the zone of curvature. This does
enable some simplification to be made in the analysis of the
problem. Much more experimental work is required in this region
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to establish the more subtle characteristics of the turbulence,
however.

10.
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Figure 1.~ Intrinsic co-ordinate system for the deflected jet.
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THE AERODYNAMICS OF THE LIFTING JET IN A CROSS FLOWING STREAM
By J. E. Hackett and H. R. Miller

Lockheed-Georgia Aerospace Research Laboratory

For many methods of treating the problem of the lifting jet in a cross
flowing stream theoretically, it is necessary to know, in advance, the mean path
of the Jjet, which is usually determined experimentally. For the general design
problem, and particularly where novel configurations are being investigated,
this can prove awkward. The long-term aim of the work currently in progress at
the Lockheed-Georgia Research Laboratory is therefore to predict the path of the
lifting jet plume or plumes with sufficient details of the flow structure to
allow pressures to be calculated on nearby surfaces.

Like many other investigators in this area, we started our theoretical
approach by repeating H. C. Chang's (née Lu, ref. 1) calculation of the self-
induced distortion of a two-dimensional circular cylinder immersed in a main-
stream, with the aim of extending the work into a genuine three-dimensional
approach, rather than using her time analogue for jet direction. Before
launching into a three-dimensional perturbation study, however, we felt a need
to understand more about the validity of any potential-flow type of approach
and also more about the topology of this particular example of vortex roll-up.

In 1961 experiments were conducted on a wind-tunnel model of a lifting-fan
nacelle which generated a 6.4~inch-diameter jet at 200 ft/sec. (See ref. 2.)
In part of that study, smoke was introduced upstream of the intake to form a
round jet emerging below the model. The familiar vortex roll-up could be seen
using the light screen technique and a flow structure was deduced which has
been confirmed more recently at a very much lower Reynolds number. The mean
flow seen then strongly resembles the much smaller scale laminar flow shown in
figure 1. There is therefore some expectation that viscous effects will be
superposable.

Figure 2 picks out certain streamlines inside the jet and shows how jet
fluid becomes part of the trailing vortex. It was pointed out to us by
Dr. Kroeger of ARO Inc., that the jet (almost) splits into two parts down its
fore and aft centerline to form one spiral of each trailing vortex. We also
see in figure 2 that the trailing vortices contain adjacent spirals of jet and
mainstream fluid. This is further illustrated in figures 3 and 4. Smoke spirals
of jet fluid in figure 1 and of mainstream air in figure 4 illustrate that, even
for these essentially laminar flows, mixing is quite efficient. The Jet in fig-
ure 4 is emitted from a representative aircraft model; very similar effects were
seen using small tubes as for figure 1.

It is fortunate that the experimentally-found variation of 1ift interfer-
ence force with radius has a maximum value some distance from the cylinder sur-
face. This gives some hope that a meaningful finite vortex representation can
be accomplished without the need for an excessive number of vortex elements.
Nevertheless, we have felt it desirable to study local effects near vortices.
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In figure 5(a), we see a streamline path for a circle represented by 48 vor-
tices. Small perturbations, not visible at the scale of the figure, are encoun-
tered as vortices are passed. If constant length steps are used for tracking,
the process is quite stable. It is interesting to note that, on starting a
streamline inside the circle, we find the fluid there is virtually at rest

(just as Prandtl said it would be). There is slight drift, however, due to the
fact that the number of vortices is finite, and this allows the streamline to
penetrate the cylinder surface from inside and join the stable "pseudo boundary
layer" on the outside.

Figure 5(b) illustrates how the pressure coefficient C, varies along the
streamline shown in figure 5(a). The waves in the potential flow curve are due
to the waviness of the streamline as it passes individual vortices. In fig-
ure 6 more local errors in the pressure coefficient are examined. It seems

that a band of about l% pitches thick should be avoided.

We have also looked at local kinematic effects to answer the guestion "what

happens to the joining line between vortices?" Figure 7 identifies the area

we have studied in this regard, which is shown 